ABSTRACT: The drilling of galleries induces damage propagation in the surrounding medium and creates the Excavation Damaged Zone (EDZ) in which the material properties are modified. The prediction of the fracture structure and flow properties evolution within this zone are major issues especially in the context of underground nuclear waste storage. Since experimental results indicate that shear strain localisation appears prior to fractures, we model the EDZ with strain localisation in shear band mode using the coupled local second gradient model. The evolution of the intrinsic hydraulic permeability inside the fractures is taken into consideration as well as the influence of gallery ventilation on the rock desaturation. The numerical results provide information about the damaged zone extension, structure and behaviour with good correspondence to in situ measurements and observations.
INTRODUCTION
In the context of radioactive waste management, the currently envisaged solution is an underground repository in geological media providing good confining properties such as low permeability. The underground structures are composed of galleries whose drillings induce fractures propagation thus an Excavation Damaged Zone (EDZ) is created in the vicinity of the galleries. Within this zone, modifications of the material properties, such as a water permeability increase (Bossart et al. 2002) , are observed. Considering the long-term safety function of the host rock formation, the prediction and understanding of the fracturing structure of the damaged zone and the influence of the properties modification are crucial. A particular attention has also to be paid to rock-atmosphere interactions due to the air ventilation performed in the galleries.
Experimental evidences indicate that the damage induced by drilling develops as cracks and that strain localisation in shear band mode appears prior to these cracks (section 2.1). Consequently, we represent numerically the excavation damaged zone with shear strain localisation. A regularisation method is necessary to properly model the strain localisation (Collin et al. 2009 ) and the coupled local second gradient model has been chosen among different methods. The modelling is performed with the non-linear finite element code Lagamine developed at the University of Liège. Among the different geological media suitable for deep repository, the Callovo-Oxfordian claystone, which surrounds the underground research laboratory (URL) of the French national radioactive waste management agency (Andra), is studied.
In the following work, we firstly focus on the excavation damaged zone definition including evidences of the mechanical fracturing and permeability modification (section 2). Then, the coupled local second gradient model is detailed under unsaturated condition with hydraulic permeability evolution (sections 3 and 4). Finally, we numerically model the development of the EDZ during a gallery excavation. The fractures in the damaged zone are represented by shear strain localisation in bands mode. The variation of the intrinsic hydraulic permeability in the EDZ is taken into account in the modelling. We also apply a ventilation inside the gallery and analyse the desaturation of the rock.
EXCAVATION DAMAGED ZONE

Mechanical fracturing
Fracturing and damage in geomaterials are due to stress redistribution and propagation of micro-cracks. At small scale, plenty experimental works performed on geomaterials have been devoted to strain localisation. The obtained results permit to conclude that strain localisation in shear band mode is commonly observed and leads to the rupture of many geomaterials (Desrues 2005) . Armand et al. (2013) and Cruchaudet et al. (2010) ).
At large scale, the excavation process induces damage propagation in the surrounding medium. Different failure mechanisms can occur and an EDZ, possibly composed of macro-scale fracturing, is created. Focusing on the Callovo-Oxfordian claystone, in situ measurements and observations of fractures have been performed by the Andra to characterise the EDZ. A brief summary concerning one experimental gallery (GED) from Armand et al. (2013) , is detailed in the figure 1. It illustrates a schematic representation of the chevron fractures and the extension of the fractured zone composed of mixed fractures, in shear and tensile mode, close to the gallery and shear fractures deeper in the rock. Tsang et al. (2005) define the EDZ as a zone dominated by geochemical and hydromechanical property changes which induce important modifications in flow and transport properties. Among the property changes, the water permeability can increases of several orders of magnitude in the fractures appearing in the vicinity of the gallery (figure 2 from Bossart et al. (2002) and Cruchaudet et al. (2010) ). The Andra performed measurements of the water permeability around the galleries of its URL, two zones are defined : one where the permeability is highly disturbed, with an increase of more than 3 orders of magnitude, and one where it is slightly disturbed deeper in the rock with an increase of 1 to 3 orders of magnitude (Armand et al. 2007 ). The extension of these two zones are detailed in figure 2 for one of the galleries and it can be related to the mixed and shear fractured zones of figure 1.
Hydraulic permeability modification
COUPLED LOCAL SECOND GRADIENT MODEL WITH HYDRAULIC PERMEABILITY VARIATION
From the previous section, it clearly appears that modelling the modification of permeability inside the fractured zone is crucial. To do so, the fractures have firstly to be properly modelled with shear strain localisation. Using classical finite element methods leads to a mesh-dependent problem thus a regularisation method is necessary to properly model the strain localisation (Collin et al. 2009 ). Different regularisation approaches exist and, among them, the coupled local second gradient model (Chambon et al. 1998 ) is chosen. It includes an enrichment of the kinematics with microstructure effects (Germain 1973) . Collin et al. (2006) describe the theory for saturated multiphasic medium, we have extended it to unsaturated condition, taking into account the solid grain compressibility (see Pardoen et al. for details) .
Once the strain localisation is properly modelled, the hydraulic properties modification and inhomogeneity inside the damaged zone can be considered. Different approaches exist to model the influence of the rock fracturing on permeability. From the wellknown relationship linking the saturated (intrinsic) hydraulic permeability to the porosity proposed by Kozeny-Carman to more complex models such as micro-macro approaches of permeability evolution (Levasseur et al. 2013 ).
Balance equations
For every kinematically admissible virtual displacement field u * i and virtual pore water pressure field p * w , the mixture momentum balance equation and the water mass balance equation read in a weak form (Germain 1973 , Collin et al. 2006 :
where σ ij is the total stress field,
is the virtual microkinematic gradient, Σ ijk , which needs an additional constitutive law, is the double stress dual of the virtual micro second gradient, Ω denotes the current solid configuration (unit volume), t i is the classical external traction force per unit area, T i is an additional external double force per unit area, both applied on a part Γ σ of the boundary of Ω and Du * i is u * i normal derivative. Further,Ṁ w is the time derivative of the fluid mass inside Ω, m w,i is the fluid mass flow, Q is a sink term and Γ q is the part of the boundary where the input water mass per unit areaq is prescribed.
The total stress field is defined according to Bishop's postulate (Nuth and Laloui 2008) :
where σ ij is the Bishop's effective stress field, b is Biot's coefficient, S r,w is the water degree of saturation, p w is the pore water pressure, δ ij is the Kronecker symbol.
Solid and fluid phases behaviour
Geomaterials are usually treated as porous materials composed of solid and fluid phases. Within the scope of poroelasticity (Coussy 2004) , the solid density variation reads:
whereρ s is the solid grain density variation, n is the material porosity, K s is the isotropic bulk modulus of the solid grains andσ is Bishop's mean effective stress variation. K s is calculated from the drained bulk modulus of the poroelastic material K 0 and Biot's coefficient which represents the compressibility of the solid grain skeleton:
Concerning the fluid phase, the water transfer in partially saturated porous media is modelled by Darcy's flow. The liquid advection and the fluid mass read:
where ρ w is the water density, k ij is the intrinsic hydraulic permeability tensor, k r,w is the relative water permeability depending on the water degree of saturation, µ w is the water dynamic viscosity. The retention curve and the water relative permeability curve are given by the van Genuchten's model (van Genuchten 1980) . The gas pressure p g is assumed to be constant.
Evolution of intrinsic hydraulic permeability
Since strain is important in the localisation bands, an evolution of the permeability with a deformation parameter can be chosen. Using a variation with the porosity will highlight volumetric deformation effect. An exponential evolution is first considered if n > n 0 similarly to Chavant and Fernandez (2005) : where k ij,0 is the initial intrinsic water permeability, n 0 is the initial porosity, α and β are two parameters.
To highlight shear deformation effect, a variation with the total equivalent strain eq is also considered:
whereˆ ij is the deviatoric strain tensor. Then, a similar exponential evolution can be chosen if eq > thr eq :
where thr eq is a threshold value below which the intrinsic permeability variation is not considered. This type of evolution suit for slightly dilatant material such as the studied claystone.
CONSTITUTIVE MODELS
First gradient mechanical law
The constitutive mechanical law used for the clayey rock is a non-associated elastoplastic internal friction model with linear elasticity and a Drucker-Prager yield surface as detailed in Fig. 3 :
where I σ is the first stress invariant, IIσ is the second deviatoric stress invariant, φ c is the compression friction angle, c is the cohesion and m is a function of friction angle. The model allows friction angle and/or cohesion isotropic hardening and/or softening as a function of the equivalent plastic strain p eq (figure 3):
where φ c0 and φ cf are the initial and final compression friction angles, c 0 and c f are the initial and final cohesions, coefficients B φ and B c are the values of the equivalent plastic strain for which half of the hardening/softening is achieved.
Second gradient mechanical law
The second gradient law gives the double stress as a function of the micro second gradient. It is an isotropic linear elastic law depending on one elastic parameter D and the shear band width is proportional to this parameter (Chambon et al. 1998 ). The double stress has no link with the pore water pressure. 
Mechanical and hydraulic parameters
The Callovo-Oxfordian claystone parameters are detailed in Table 1 . They mainly come from laboratory testing and data fitting ).
NUMERICAL MODELLING AND RESULTS
Gallery excavation modelling
A hydro-mechanical modelling of a gallery excavation is performed in two-dimensional plane strain state. It takes into account the hydraulic permeability anisotropy (table 1) and the initial anisotropic stress state corresponding to a gallery of the Andra URL :
where p w,0 is the initial pore water pressure, σ v,0 is the vertical principal total stress, σ h,0 and σ H,0 are the minor and major horizontal principal total stresses. The gallery has a radius of 2.3 meters, it is oriented in the direction of the minor horizontal principal stress and gravity is not taken into account in the model.
The mesh and the boundary conditions are detailed in figure 4. Only one quarter of the gallery is discretised by assuming symmetry along the x-and y-axes. The initial stresses and pore water pressure are imposed at the mesh limits, the water flow and the normal displacements are null along the symmetry axes. A second kinematic boundary condition is required to establish the symmetry due to the existence of gradient terms in the equilibrium equations (Zervos et al. 2001) . The normal derivative of the tangential (radial) displacement has to cancel on the symmetry axes:
The gallery excavation is executed in five days during which the total stresses and the pore water pressure at the gallery wall decrease from their initial values to the atmospheric pressure of 100[kP a]. Then the calculation is extended to a thousand days under constant stress to highlight possible transient effects. The gallery ventilation and the permeability evolution are considered in the section 5.3 and 5.4 respectively.
Damaged zone
The numerical results in figure 5 present the evolution of shear strain localisation bands during and after the drilling. The results are the deviatoric strain increment, the total deviatoric strain eq and the plastic zone. The modelling exhibits a chevron fracture pattern around the gallery corresponding to in situ observations. The fractures appear during the excavation and are concentrated above the gallery because of the material anisotropic stress state. The extension of the damaged zone is 0.1 gallery diameter in the horizontal direction and 1 gallery diameter in the vertical direction which corresponds fairly well to the in situ experimental measurements of shear fractures (figure 1).
Gallery ventilation
At gallery wall, it is assumed that the liquid water is in equilibrium with the water vapour (Kelvin's law):
where RH is the air relative humidity, M v is the molar mass of water vapour M v = 0.018[kg/mol], R is the gas constant R = 8.314[J/molK], T is the abso- Figure 6: Pore water pressure evolution along the y-axis : no intrinsic permeability variation and no ventilation (left), no intrinsic permeability variation with ventilation (center), intrinsic permeability variation with eq and ventilation (right).
liquid water density ρ w = 1000[kg/m 3 ], and p c is the capillary pressure p c = p g − p w . Previously, the ventilation was not modelled (RH = 100[%]), nevertheless ventilation is usually realised in galleries and can be modelled to observe its effects on the rock material. To do so, an air with RH = 80[%] is chosen and applied on the gallery wall after the end of excavation.
The evolution of pore water pressure along the yaxis is detailed in figure 6 . The influence of the strain localisation bands is visible mostly during the excavation due to the strain increment inside the bands (band activity) and the hydro-mechanical coupling. When ventilation is computed, the suction induces the desaturation of the rock close the gallery wall. Results displayed in figure 7 show that the suction strongly influences the plasticity. Following Bishop's stress definition, higher the suction, higher the effective stress, meaning that the material becomes elastic again. This inhibits the shear strain localisation.
The evolution of the gallery convergence is detailed in the figure 8 where the matching with experimental results from the same gallery of the Andra URL is presented (Armand et al. 2013) . One can observe that the inhibition of the shear strain localisation by the ventilation restricts the deformation. The convergence is anisotropic due to the shear strain localisation bands above the gallery which imply larger displacements. Besides, the simulation without ventilation gives a good prediction of the convergence in the vertical direction but overestimates it in the horizontal direction. In that direction, the proximity of the shear band localisation induces excessive deformations.
Permeability variation
The evolution of intrinsic hydraulic permeability is added to the computation from the beginning of the drilling. Firstly, we compute the permeability evolution depending on the porosity of equation 8 (α = 2 × 10 12 , β = 3). The results in the figure 9 illustrate the horizontal permeability variation at the end of the excavation. One can observes that it increases of several orders of magnitude around the gallery. Even if the increase is higher in the localisation bands, it remains quite diffuse, especially in the horizontal direction. Nevertheless, we obtain a fairly good matching with the in situ experimental measurements of permeability (figure 2).
Secondly, we compute the permeability evolution depending on the total equivalent strain of equation 10 (α = 2 × 10 8 , β = 3, thr eq = 0.01). In this case, the per-
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1.E-13 Experimental Numerical Figure 9 : Variation of the horizontal intrinsic water permeability due to the porosity at the end of the excavation : 2D mapping (left), evolution along the y-axis (center) and the x-axis (right).
1.E-13 Figure 10 : Variation of the horizontal intrinsic water permeability due to the total equivalent strain at the end of the excavation : 2D mapping (left), evolution along the y-axis (center) and the x-axis (right). meability evolution is related to the shear deformation which is concentrated in the localisation bands. The results in the figure 10 indicate that, at the end of excavation, the permeability has strongly increased in the localisation bands representing the fractures. This corresponds to experimental observations and measurements. The influence of air ventilation after the drilling is clearly highlighted in the figure 11. It drains and desaturates the damaged zone especially in the localisation bands. The evolution of pore water pressure along the yaxis is detailed in figure 6 (right). The depth to which the desaturation extends increases significantly when the permeability variation is considered. In this case, the influence of the bands is visible after the excavation due to the permeability variation.
CONCLUSION
The fracturing and permeability variation around a gallery has been modelled with strain localisation in shear band mode. To this end, the second gradient theory has been successfully extended to multiphasic porous media under unsaturated condition, taking into account the solid grain compressibility and permeability variation. Numerical results highlight that the EDZ around a gallery in claystone had been fairly well modelled. Within this zone, the modelling provides information about the evolution of the fracture structure and flow properties as observed in situ. The convergence is well reproduced, the influence of permeability variation and gallery ventilation have also been highlighted. Nevertheless, it would be interesting now to improve the modelling with a more accurate definition of the rock anisotropy and the influence of damage on hydro-mechanical properties.
